ABSTRACT
INTRODUCTION
The optimal location and sizing of distributed generation (DG) is a challenging problem which requires a multiobjective programming approach [1] [2] . As frequently reported in the technical literature, DG may allow achieving great savings (e.g. deferment of investments and reduction of power losses) or causing technical problems (e.g. overvoltages and overloads), depending on the DG sizing and siting. Despite these well known benefits that DG interconnection can provide, numerous technical and economic barriers still exist. A typical obstacle that prevent the widespread adoption of DG are the technical problems argued by distribution system operators. They assert the inability of existing networks to receive high levels of DG for several technical reasons. They claim that the networks are not capable of handling the increase in short-circuit currents resulting from the connection of DG, and/or DG causes overvoltage problems or thermal violations in distribution circuits whether the penetration level is higher than certain values. This paper has the goal to propose a methodology able to evaluate the critical value of DG penetration level and, at the same time, by showing the multiobjective feature of the DG siting and sizing problem, to provide a criteria for maximizing the benefits of the presence of generators in a distribution network taking into account the network performance deterioration for DG not connected in optimal locations. In fact, power producers seeking interconnection under open access rules may dictate the location [3] [4] . A case study is presented to demonstrate the effectiveness of the proposed procedure.
PROBLEM FORMULATION
The main goal of the proposed planning algorithm is to find the maximum allowable penetration level of DG in a given distribution network considering the possibility of a nonoptimal allocation of the DG units. This feature is introduced to allow the planner to manage the risks arising from the fact that there are really few chances that DG appears in the most suitable sites. In the search of the optimal deployment of DG in an existing distribution system, the network topology is usually assumed not flexible in the planning period, whereas some lines may be refurbished to meet the growing customer demand. Simultaneously, the need of revamping of the protection devices and the addition of new devices to permit the safe connection of new generation has to be taken into account. In the planning procedure the contrasting views of the Regulator and the distribution system operator (DSO) should be considered. In fact, the Regulator, under the pressure of political institutions, has the goal of maximizing the penetration of DG, particularly of the renewable type (wind turbine, PV unit, Biomass CHP plant) and/or minimize the losses in the distribution system; on the other side the DSO has to tackle with the safety and security of network operation and, in some cases, DSO poses barriers on the connection of large quantities of distributed generation when high upgrading costs are necessary. For these reasons in the paper the authors consider the following main objectives to be simultaneously accomplished:
1. to favorite DG integration and RES exploitation (Regulator goal) 2. increasing the energy efficiency of power delivery, by penalizing high energy losses to reduce CO 2 emissions and decrease energy tariffs to final consumers (Regulator goal), and 3. identifying the network planning that maximizes power delivery profits complying with mandatory technical and regulatory constraints (DSO goal). These objectives in the proposed problem can be incorporated into three different evaluation functions, namely: the DG penetration Level %DG, the energy losses E L , and a Technical Impact Index TI DG .
DG Penetration Level
The DG penetration level in the system is defined as in (1) % 100
Where: P DG is the total capacity of DG installed; P L is the total load in the network. The impact of DG on the network strictly depends on the generation size, type and location. The penetration level is an index that provides information on the capacity of local generation compared with the demand of a given distribution network. There is not an exact correlation between the DG penetration level and, for example, losses or upgrading costs of the network. In fact, DG is usually claimed as an option for reducing losses but, if the DG level is high and DG is concentrated in few installations, the losses can increase. As for the upgrading costs, DG may permit the deferment of those costs, but if the level of DG is very high, it may require to replace the overloaded feeders and the switchgears with not sufficient short circuit breaking capacity.
Energy Losses
The objective on energy efficiency is incorporated in the problem formulation by evaluating the Joule energy losses in the network. In particular, for the j th branch in the k th subperiod, expressed in kWh, the losses can be calculated as in (2): ( ) 
where r j is the resistance per kilometer, L j is the branch length in kilometers, and 8760 is the number of hours per year. The total energy losses, E L , is then obtained as the sum of the contributions for each branch in each sub-period (3):
The losses of the HV/MV substation transformer are also considered. It is important to notice that the Joule losses are estimated by using the average value of the branch current by considering the customer's demand curve modeled with a piecewise linear curve, with the load growth rate that may be different in each one of the m sub-periods of the whole planning period of N years. The higher the number of subperiods is, the finer the real load growth model becomes. Due to the linear model of demand growth vs. time, it is acceptable for planning studies to assume that the branch current grows linearly into each sub-periods, as shown in (3) for the j th branch in the k th sub-period:
where I 0jk and I fjk are respectively the branch current at the beginning and at the end of the sub-period, N k is the subperiod duration in years, and y is the generic year of the sub-period.
Technical Impact Index
In order to assess the maximum DG capacity which can be accommodated in a given MV network without sustain excessive costs, the technical index TI DG (5) has been introduced. This index takes into account several technical issues related to the interconnection of DG sources. In particular the impacts associated to voltage constraints on bus voltages, the increased fault levels on buses, and the overload of cables and overhead feeders are considered. (e.g., maximum DG production in off-peak hours or, low DG production in peak hours). 10% overload or greater have been considered as constraint violations and they contribute to the TI index value. Normally, the maximum power flow in urban networks with 240 mm 2 buried cables is 5 MW; this values is increased during emergency temporary reconfigurations caused by line faults. The suitable integration of DG and loads can help maintain the power within that limit even if the nominal capacity of both is bigger. Finally, DG increases fault levels. Fault level increasing is critical in urban areas and affects protection devices and protection coordination.
MULTI-OBJECTIVE PROGRAMMING
Conventional single optimization techniques are not suitable in studies of DG integration within existing distribution networks whereas multi-objective methods can be naturally applied [1] [2] [3] . In the paper, multi-objective programming is used to deal with the DG integration by considering the three objective functions described in the previous paragraph. Given a network configuration with size, type, and location of DG randomly arranged, those functions are assessed to find the most acceptable trade-off solutions. The random allocation is important to take into account that distribution companies are not allowed to own generators, whereas they have to guarantee the network accessibility to any producer. Thus, in the proposed procedure, a set of generators is obtained by randomly choosing number, size and connection point of DG. By so doing, a set of 5000 possible configurations has been created and assessed. For each configuration obtained with the algorithm, network calculations are performed. In particular, nodal voltages and branch currents are evaluated by means of a probabilistic load flow (PLF) that takes into account the probability density function (pdf) associated with load demand and DG power generation. Once the current flowing in each branch and the voltage of each node with their pdf have been calculated, all technical constraints are checked and the Objective Functions (OFs) are assessed. The family of network solutions has been analyzed according to the multi-objective programming. The first study aims at identifying the best compromise solutions in the Pareto front. Best solutions may have too good features to be true because they may be obtained only if DG suitable size, with a proper production curve is connected at suitable nodes. That is difficult to achieve without a direct control of investments. For this reason, in the paper a second analysis is proposed that is based on the analysis average solutions falling within a prefixed %DG range. For instance, the family of solutions falling in the range between 10-20 %DG is represented by a single solutions with 15 %DG and the mean value of TI DG and E L . The preliminary assessment of the OF allows extracting the Pareto front of non dominated solutions from the set of network configurations randomly generated. According to the multiobjective paradigm each point of the Pareto set represents a compromise solution. Then, starting from this optimal set is possible to choose the best trade-off solutions. 
CASE STUDY
The proposed methodology has been applied to the portion of Italian 20 kV distribution network depicted in Fig. 2 .The 2 HV/MV substations have a power capacity of 40 MVA. The operation of the network is radial and the nodes in the main feeder can be supplied during faults by isolating the faulted branch thanks to the redundancy of paths achieved with the emergency connections. The network supplies 142 MV/LV nodes, divided in 25 trunk nodes and 117 lateral nodes. Overhead distribution lines and underground cable feeders are used, for a total length of 69.5 km of power lines. The total demand is about 7 MVA. In the study, it has been assumed that the load demand and the network topology are constant during the planning period. That implies optimizing the DG allocation for a given configuration, without considering the increasing of the load. However, the methodology may be adapted to provide the optimal allocation considering different load scenarios. Several sizes of generators, ranging from 500 kVA to 6 MVA have been considered for a possible allocation in the network according to the Italian Authority for Energy and Gas (AEEG) resolution [5] . According to [5, 6] , generators with capacity up to 6 MVA can be connected to the MV distribution network or may be connected directly to the HV/MV substation depending on the situation. In the case Prague, 8-11 June 2009
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Paper No 0486 study, a maximum size of 6 MVA is considered, assuming always the connection to the nodes of the distribution circuits. The emphasis of this article is the assessment of the penetration level of DG that could be connected to the distribution network without any active operation of the system. In Figs. 2 and 3 the average values of E L and TI DG are calculated for all the configurations falling into intervals of a certain %DG. The results of the simulations, depicted in Fig. 2 , permit observing that below a lower limit of %DG, roughly 40%, the performance of the network is not deteriorated by the presence of DG, meaning that neither thermal limits or voltage limits nor short circuit limits are violated. Above the 40% of DG penetration the TI DG is greater than zero, that means that the network cannot be operated because of the not complied with constraints. Network upgrade and refurbishment is necessary to accommodate DG with no active network management. In Fig. 3 In Tab. II the decision matrix is showed when average solutions are used. S i represents a solution falling in a %DG range characterized by the average value of OFs of all the network configurations comprised in the range. The definition of Pareto set allows identifying the non dominated solutions (Table II) . From S 4 to S 12 the improvement of one OF (e.g., increasing the %DG) cause a worsening in the other two OFs (i.e., losses and/or the number of violated technical constraints increase). [7] are taken into account, solutions with higher %DG may be preferable but they are too much expensive with passive networks.
In conclusion, the general remark is that renewable exploitation, even if favored by economic incentives, will be stopped by network barriers whether the passive operation practice will be used. Indeed, high DG penetration will reduce energy efficiency, by vanishing or reducing the benefits of less CO 2 emissions. Furthermore, high DG penetration requires capital expenditures for network upgrades.
CONCLUSIONS
The EU and many developed states in the world are trying to reduce pollution and improve energy efficiency because they are concerned about the climate change. DG and RES are considered an useful way to achieve that goal but passive distribution systems are still a barrier. The paper proposes a multi-objective formulation of the problem by identifying two players, Regulator, and DSOs having contrasting goals. The main conclusions of the study are: 1. A good compromise solution with high DG penetration can be found only if DG connection can be exactly controlled, and 2. Whether DG is free to ask for connection anywhere in the system, the passive operation of the distribution system limits to 40-50% the DG penetration level.
The general conclusion is that Active Distribution Networks are necessary to favorite the integration of Renewable Energy Sources in the system at reasonable costs but more favorable regulatory environments are necessary not only to establish a fair market of energy and services but also to define the sharing of responsibilities among all players.
